In the era of (pre) elimination setting, the prevalence of malaria has been decreasing in most of the previously endemic areas. Therefore, effective cost-and time-saving validated pooling strategy is needed for detection of malaria in low transmission settings. In this study, optimal pooling numbers and lowest detection limit were assessed using known density samples prepared systematically, followed by genomic DNA extraction and nested PCR. Pooling strategy that composed of 10 samples in 1 pool, 20 µl in 1 sample, was optimal, and the parasite density as low as 2 p/µl for both falciparum and vivax infection was enough for detection of malaria. This pooling method showed effectiveness for handling of a huge number of samples in low transmission settings (< 9% positive rate). The results indicated that pooling of the blood samples before DNA extraction followed by usual nested PCR is useful and effective for detection of malaria in screening of hidden cases in low-transmission settings.
INTRODUCTION
Malaria morbidity and mortality have been decreasing globally, and malaria risk has been reduced by 37% since 2000 [1] . The number of countries moving forwards for malaria elimination is increasing. At the same time, drug resistance against falciparum and vivax malaria have been reported in some endemic countries [2, 3] . Therefore, World Health Organization (WHO) initiated the elimination of the artemisinin resistance against falciparum malaria in drug resistance foci, Greater Mekong Subregion, by 2020 [4] . For this elimination approach, surveillance of malaria especially for submicroscopic asymptomatic infection that may harbor the drug resistant parasite [5] is critical. Rapid diagnostic tests (RDT) and malaria microscopy are recommended as parasitological methods for diagnosis of clinical malaria [6] . However, the low-level parasitemia that cannot be detected by these routine diagnosis tests is not uncommon in endemic areas [7] [8] [9] [10] . Moreover, there is no ideal method for detection of asymptomatic parasitemia in low-transmission settings [6, 11] . Meanwhile, many molecular based detection methods such as nested-PCR [12, 13] , realtime PCR [9, 14] , and recently reverse-transcriptase PCR [15] , are used in parallel detection of low-level parasitemia.
Most of the molecular-based methods are costly and timeconsuming for handling of huge numbers of samples at the same time. To overcome these obstacles, pooling strategy has been considered before molecular-based amplification procedures [9, 16] . However, most of the pooling approaches that was conducted only after DNA extraction will not save the time and cost for individual DNA extraction. Moreover, previously documented pooling methods also did not show the assessment on effectiveness and validation with known parasite count samples to identify the lowest detection limit of the pooling strategy. Therefore, in this study, high through-put sensitive pooling strategy was proposed and validated using known positive and negative samples.
MATERIALS AND METHODS

Blood sample preparation
All of the blood samples were collected under aseptic conditions and transferred into EDTA tubes and then kept in a -80˚C deep freezer until analysis. For the positive and negative control blood samples, all were confirmed by RDT (SDFK80, Standard Diagnostics, Yongin, Korea), microscopy, and nested PCR before the pooling procedure. In this experiment, blood that had different parasite counts of Plasmodium falciparum or P. vivax; 200 parasites per microliter (p/µl), 20 p/µl, 2 p/µl, and 0.2 p/µl were prepared according to the procedures described for preparation of laboratory quality control samples for malaria RDTs [17] .
Optimal pooling strategy
Different numbers of samples in each pool were assessed to know the optimal pooling, and 200 µl of the pooled blood was used for DNA extraction. Two of the known vivax malaria blood samples (parasite count 200 p/µl and 20 p/µl) were used for 3 different pools that represented 3 samples in 1 pool (67 µl of parasitized blood with 133 µl of negative blood), 5 samples in 1 pool (40 µl of parasitized blood with 160 µl of negative blood), and 10 samples in 1 pool (20 µl of parasitized blood with 180 µl of negative blood). Two-hundred microliters from each positive and negative sample were used directly for DNA extraction ( Fig. 1) . All of the blood samples were used for genomic DNA extraction by using QIAamp Blood Mini kit (Qiagen, Valencia, California, USA) in accordance with the manufacturer's instructions. Detection of malaria by pooling strategy Nested PCR to amplify the small subunit ribosomal RNA gene [13] was used to detect Plasmodium infection. Briefly, amplification was conducted using Accupower premix (Bioneer, Daejon, Korea) in a final volume of 20 µl, which included 250 nM primers, 0.25 mM each of deoxyribonucleoside triphosphate, 10 mM Tris-hydrochloric acid, 30 mM magnesium chloride, 1.0 unit of Taq polymerase, and 10 µl of the genomic DNA as template. The primers used for genus and species identification were shown in Table 1 . The reaction condition consisted of initial denaturing 95˚C for 5 min followed by 35 cycles of 95˚C for 30 sec, 55˚C for 1 min and 72˚C for 2 min, and a final extension step of 10 min at 72˚C. After nested-1 PCR, 2 µl of the PCR product was used for nested-2 reaction, and amplification reaction was the same as above except for annealing temperature of 60˚C for 30 sec for 30 cycles. After amplification, 1% agarose gel electrophoresis was done at 100 volt for 30 min, and gel results were documented by UV transilluminator.
Detection limit of the pooling strategy
To identify the lowest detection limit of individual samples inside the pools, different parasite counts of the blood were used. Twenty microliter (20 µl) of the different parasite count of P. falciparum and P. vivax that have 200 p/µl, 20 p/µl, 2 p/µl, and 0.2 p/µl were prepared and diluted with 180 µl of known negative control blood samples in individual tubes to become 200 µl. DNA extraction and nested PCR were also conducted as described above (Fig. 2) .
Field sample testing by pooling strategy
Based on the result of the optimal number in each pool and the lowest volume for each samples, field samples from lowtransmission areas were used to detect malaria infection by this pooling strategy as purposed in Fig. 3 to confirm the pool- 
Effectiveness analysis
The effectiveness of the pooling method in this study was assessed by comparing the possible maximum number of the test by routine individual handling of the samples, with this pooling method to estimate the usefulness of the pooling method for different prevalence of malaria.
RESULTS
For optimal number of the pools, 2 independent experiments were performed using 200 p/µl and 20 p/µl of the blood. Among the different numbers of pools, all become positive clearly even in 10 samples in 1 pool at 20 p/µl parasitized blood (Fig. 1) .
To assess the lowest detection limit of this pooling strategy, 2 independent experiments were carried out using quality control blood samples that contained 200 p/µl, 20 p/µl, 2 p/µl, and 0.2 p/µl of falciparum and vivax infections that are most prevalence species. Both of the results indicated that minimum 1 positive vivax sample that had as few as 0.2 p/µl can be detected by this approach. Meanwhile, 2 p/µl of falciparum malaria can be detected by this method (Fig. 2) .
To validate these pooling methods, 1,004 filed samples collected from local residents who had no signs and symptoms of malaria in low-transmission settings were used. According to the polling strategy, 101 pools were prepared, and nested PCR was done. Among them, 22 pools became genus positive, and 220 individual genomic DNA extractions were carried out. Subsequent genus-specific PCR showed that 27 samples (2.7% of all samples) were infected with Plasmodium, and species-specific PCR resulted in 22 vivax infections, 3 falciparum, and 2 malariae infections in these genus positive samples. Among them, only 2 vivax samples showed microscopy positive and all were negative by RDT (HRP2 and vivax-specific pLDH based SDFK80, Standard Diagnostics).
We also compared the total number of the test by routine individual handling of the samples with the maximum possible number of the test by this pooling method to estimate the effectiveness. According to this calculation, the parasite positive rate less than 9 was suitable for this pooling strategy (Table 2) .
DISCUSSION
In the era of malaria pre-elimination, blood smear positive rate is usually less than 5% in febrile patients. If the blood smear positive rate becomes less than 1 case per 1,000 population at risk per year, it is time to initiate the elimination of malaria [4] . At the same time, the detection of asymptomatic infections in local residents are important to treat properly, so that the source of the transmission will be terminated [8] .
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good microscopist [20] , while the detection limit of the RDT was 200 p/µl [21] . Meanwhile, molecular-based detection such as PCR can detect even less than 5 p/µl [22] . However, in mass-surveys collecting a huge number of samples from local residents, individual DNA extraction and amplification led to time-and reagent-consuming. Therefore, pooling strategy has to be considered. Pooling specimens reduces the number of assays for screening of infectious diseases. It is useful and effective in screening for many diseases, including genome-wide studies and other infectious diseases, such as HIV [23] and hepatitis viruses [24] . Regarding the malaria diagnosis by molecular means, a pooling method was proposed by Bharti et al. [25] since 2009 by using serum samples. Similarly, pooling of the genomic DNA before amplification [9, 16] was reported in detection of malaria in asymptomatic cases. The pooling method that applied only after DNA extraction cannot save the reactions for DNA extraction. However, there is no methodology that has been documented and validated for blood pooling before DNA extraction showing the optimal pooling number and lower detection limit, including consideration of effectiveness based on the positive rate especially for low-transmission settings.
In this methodology, the optimal pooling number was assessed using 200 p/µl and 2 p/µl confirmed parasite density of blood, and 10 samples in 1 pool showed to be positive by nested PCR. Therefore, 10 samples in 1 pool with each sample composed of 20 p/µl are good enough for pooling blood before DNA extraction. Moreover, the lowest parasite density detected after the pooling method was also examined, and at least 2 p/µl of the blood in 1 sample can be detected correctly. The pooling strategy may give false negative results for very low parasitemia cases but it is still higher in sensitivity than microscopy [25] .
Moreover, the effectiveness of the pooling methods has been considered by comparing the number of tests by routine individual sample handling, with the maximum possible number of the test by the pooling method. Based on this comparison, when the parasite positive rate was 4%, a half of genomic DNA extractions can be saved that is effectively useful for most of the (pre) elimination setting where the positive rate is less than 9%. In conclusion, pooling of the blood samples before DNA extraction followed by usual nested-PCR method is effective for detecting malaria and screening of hidden cases in low-transmission settings.
